Polymers have many attractive characteristics; they are lightweight, inexpensive, fracture tolerant, and pliable. During the last twenty years, new polymers have emerged an additional important characteristic. This capability of the electroactive polymers (EAPs) has attracted much attention. Since they behave very similar to biological muscles, EAPs have acquired the moniker "artificial muscles." In the foreseeable future, robotic mechanisms actuated by EAPs will enable engineers to create devices previously imaginable only in science fiction [3] .
Conventional microactuators use electrostatic, electromagnetic, pneumatic, piezoelectric, or thermal forces and require external power sources for operation. Although these actuators have been used in micro-and nano-scale systems, they have limitations in independent operation, such as in locomotion in a human digestive organ or migration in blood vessels. Unlike conventional actuators, cell-based actuators can use the glucose in physiological fluids as an energy source by converting glucose into ATP, and transforming this chemical energy into mechanical energy. Integrated systems like these cell-based actuators have been called hybrid systems, representing the material characteristics of micro-or nano-scale fabricated structures and biological components such as proteins and cells [4] [5] . [3] www.intechopen.com Natural muscles are considered highly optimized systems since they are fundamentally the same for all animals and the difference between species are small. The operation of muscles depends on chemically driven reversible hydrogen bonding between two polymers, actin and myosin. The reason why this paper chose the cardiac muscle of rat as an actuator for microrobot is that the cardiac muscle does not need external stimulation.
Muscle Powered Microrobot
Biomimetic refers to human-made processes, materials, devices, or systems that imitate nature. Billions of years of "natural R&D" have resulted in effective, optimized biological solutions that really work. By studying and mimicking nature's processes and structures, scientists and engineers can develop nature inspired solutions that are far more effective than solutions conceived and developed exclusively by man. Biomimetic artificial machines built with hybrid components (materials partly synthetic and partly biological in origin) offer the opportunity to combine enhanced sensitivity with robustness and the possibility to extend their application to diverse environmental conditions [6] . As examples of micro/nano machine using hybridization between organic and inorganic components, researches on adenosine triphosphate (ATP) biomolecular motors [7, 8] , a microorganism carrier in microchannel [9] , a walking microdevice driven by micromuscle [10, 11] , and a pump actuated by cultured cardiomyocytes [12] were reported. Although, bimolecular motors are interesting, they can generate only between 5-60 pN forces [13] and are not robust to actuate microstructures. Micromuscles can be an alternative to microactuator for a micro-sized biomimetic system. Previous studies using cell based actuators [11] [12] have shown very attractive results, but for advanced biomimetic systems, understanding and exploiting higher-order assemblies for micromuscles are key points of today's quest [6] . Structure and functional changes ensue in cardiac cell networks when cells are guided by three-dimensional scaffold topography, such as enhanced actin cytoskeleton organization, higher nuclear eccentricity [14] and altering gene expression, protein localization [15] [16] , cell signaling [17] and the intracellular calcium dynamics [18] . These topology-induced changes are expected to enhance the mechanical activity of cells [14] . However, until now, there has been no suitable tool to validate this enhancement.
We propose a biomimetic micromachine made of a silicone elastomer polydimethylsiloxane (PDMS) and self organized cardiomyocytes, which allows free motions in physiological liquids based on the increase of cell power in a 3D microenvironment. The fabrication method and the formation and function of the legs in the machines mimic the bottom-up process of nature, the patterns in jelly fish and the functions of a real heart. Fig.1 shows the microrobot structure mimicking the legs of a jelly fish.
To make it move like the synchronized motion of a jellyfish without external power supply, we primarily cultured the heart cells of a mouse on the microrobot device and used the beating motion of the heart cells as a power source. Also, to mimic the muscle bundle structure on the legs of a jellyfish, we made in vivo-like grooved surfaces. From this, we could obtain motions of the machine driven by the contractility of 3D controlled cardiomyocytes. We found the obvious increase of mechanical activity of cardiomyocytes in the grooved surfaces compared with that in flat surfaces by using culturing cardiomyocytes on flat and grooved PDMS microcantilevers. We can suggest the increase of force due to the www.intechopen.com
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arrangement and increment of the cells in the same area. The process and materials used in this study is noninvasive to cells, and have the potential of high throughput of the microdevice. 
. Flat surface cantilever
In this study, a microcantilever was designed and fabricated, using both synthetic and natural materials. Living cells were cultured on a cantilever made of flexible transparent PDMS elastomer. Therefore, the proposed cantilever can be considered as a hybrid biopolymer cantilever. PDMS has a low Young's modulus, which can be tuned from 360 to 868 kPa by controlling the ratios of its components [19] , and thus is extremely sensitive to external stress and can be used to achieve large deflections. PDMS is also inexpensive, optically transparent and suitable for use with optical detection methods. Additionally, it is compatible with uses in biological studies because it is impermeable to water, nontoxic to cells, and permeable to gases. Finally, it can be easily fabricated and bonded to other surfaces [20] . Culturing primary cardiomyocytes on the microcantilever leads to selforganization of the cells on the structure, giving a parallel arrangement of cells in the hybrid system. The system can thus avoid problems arising from inefficient dissection and attachment of the muscle tissue to the microsystem by hand. Since the presented system was realized with simple micromolding a technique using PDMS, a large quantity of samples can be produced cheaply and easily. Our method is also safe and noninvasive, because the entire device is biocompatible and there are no hard contacts or structural constraints that can affect myocytes function or morphology. The important feature in our system over previous contractile force measurement techniques is that our system can quantitatively measure contractile forces on a specific microsized area in real time, and this capability should open opportunities for better understanding of the mechanisms of heart failure and promote further design of optimal microscale hybrid biopolymer actuators and microdevices.
Cell culture
The cardiomyocytes on the microcantilevers were obtained by aseptically isolating the heart of a neonatal Sprague-Dawley rat at day 1 and briefly washing it with Hank's balanced salt solution (Gibco Invitrogen Co., Grand Island, NY). After removing the ventricles, the remaining tissues were minced and incubated in a 0.3 mg/mL collagenase solution containing 0.6 mg/mL pancretin (Sigma Chemical Co.). The isolated cardiomyocytes were seeded directly onto the hybrid biopolymer cantilever at a cell density of 5_103 cells/mm2 and cultured in Dulbecco's modified Eagles' medium (Gibco Invitrogen) containing 10% fetal bovine serum (Sigma), 50 mg/mL streptomycin, and 50 mg/mL penicillin (Gibco Invitrogen) at 37 1C in air with 5% CO2. The cell activation level reached its maximum after 72-96 h of culture. The motion of the microcantilevers was measured at the 96th hour by using two microscopes,which monitored lateral and vertical motions, as described in Park et al. (2005) [21] .
Molding master fabrication
By using a flexible and thin PDMS matrix layer, we intended to maximize the bending displacement of thin PDMS by generating a force through the arrangement of contractile cardiomyocytes. The flexible and thin PDMS matrix layer was fabricated by the sandwich molding process [22] , as shown in Fig. 2 . The sandwich molding process is a useful technique and was used to create a PDMS 3D microrobot structure with an ideal thickness of ,20 mm by pouring PDMS between a bottom Si wafer master and a top glass wafer master and then compressing the layers. The bottom master was fabricated on the Si wafer using a deep silicon etching process and a thick negative photoresist (PR) (SU-8). First, grooves were patterned onto a new silicon wafer using an AZ1512 PR. The Si wafer was then deeply etched to fabricate a grooved surface, as shown in Fig. 1(a) . After removing the AZ1512 PR, the Si wafer was coated with SU-8 to develop the legs of the microrobot, as shown in Fig.  1(b) . The microrobot legs were fabricated from the bottom Si master so that the grooved shape would be on the leg surface. The microrobot body was fabricated from the top glass master. After coating the glass wafer with a Cr/Au layer, we patterned the microrobot body using the AZ1512 PR, as shown in Fig. 1(c) . Finally, the top master fabrication was completed by removing the Cr/Au layer from the etched glass wafer, as shown in Fig. 1(d) .
Polymer device fabrication
Several previous reports have investigated the fabrication of 3D structures with polydimethylsiloxane (PDMS). The most common molding method is the sandwich molding technique using a single molding master [22, 23] In this method, the master, another flat wafer, and the PDMS are all stacked together to produce the 3D PDMS structures. Unfortunately, this method only allows specific geometries to be created on one side. Although a method for fabricating microstructures on both sides has been developed, it does not easily yield thin micromembranes and is difficult to use for wafer-level fabrication since the PDMS used as the top master is too flexible for high-pressure applications and may shrink during curing, particularly over areas greater than 1 cm 2 . To www.intechopen.com overcome these problems, we propose a 3D molding aligner system that can align the two mold masters and stack them under high pressure to fabricate a 3D structure with micromembranes at the wafer level. To facilitate the detachment of the PDMS structures, the top and bottom masters were coated by plasma polymerization of C 4 F 8 using inductively coupled plasma-reactive ion etcher (ICPRIE). The PDMS mixture was poured onto the bottom master, as shown in Fig. 1(e) . After the top master was placed on the PDMS mixture, the stack, comprised of the bottom master, the PDMS, and the top master, was placed between two aluminum plates. To align the two masters using the 3D mold aligner, the geometries of the two masters were observed through the windows at the top of the wafer chuck. The two masters could be aligned to a precision of less than 2 mm using an optical microscope. Following the alignment, the stacked bottom master, PDMS, and top master were clamped, as shown in Fig. 1(f) . The clamped stack was cured in an oven for 2 h at 100 o C. After curing, a thin PDMS replica was peeled from the master, as shown in Fig. 1(g) . Figure 3 shows the concept of the process for making a hybrid device by primarily culturing neonatal rat heart cells on a micro device made with PDMS polymer. As reason for making a hybrid device and its working principle were previously explained, and the detailed fabrication method and process will be directly explained in this chapter. Fig. 3 . Full preparation process of microrobot to observe the motion(1) Extract heart single cell from neonatal rat heart, (2) Prepared PDMS structure, whose surface will culture the cardiomyocytes , (3) Primary cardiomyocytes culture on the culture dish including PDMS structure, (4) Incubating cultured cardiomyocytes, (5) Detach PDMS structure from the original culture dish and move to a new culture dish to observe the movement of the PDMS structure, (6) Schematic image to observe the vertical movement, (7) Microscopic image of the vertical view, (8) Schematic image to observe the lateral movement, (9) Microscopic image of the lateral movement.
Engineered surface cantilever to concentrate the contraction force
A heart attack is the most dreaded heart disease. And chronic heart attacks, even slow-going, are the most common and fatal. Heart muscles weaken slowly and its cells simply can't contract. In this case, each heart muscle cell has longer pulsation and loses its force. Therefore, the information on the contractile force of the heart cell is expected to play an important role in finding the basic remedy and substitution for cells with heart disease [24] . Although force measurements at the cellular tissue and whole organ levels have been performed [25] [26] , influence from outside factors cannot be entirely excluded, giving rise to inaccurate measurements of the force of heart cells. Therefore, there have been several approaches proposed and methods developed to measure the contractile force of cardiomyocytes either directly or indirectly. In the first approach, micro fabrication technology was used to make a force transducer that would reduce the size of the device for measuring the contractile force of cardiomyocytes [27] . In this system, two micro clamps hold each end of a cardiomyocyte cell to measure the contractile force of the cell. However, this approach involves cell manipulations, which may have unknown effects on the cells and their functions. In the second approach, an array of micro-scale elastic posts was developed. The attached cells bend each post independently because the forces of a cell for adhesion were used locally. Poly-(dimethylsiloxane) (PDMS) pillar arrays were used as elastic posts [28] . However, the contact between the cell and the heads of pillars may have some effects on cell membranes and cardiomyocytes functions. Moreover, the spreading and morphology of the cell on the flat surface and on the pillar show different aspects, which seems to have a great influence on the contractile force of the cardiomyocytes cell. The difference of the force of cardiomyocyte cells due to the surface change of the cantilevers was measured. Cantilevers are often used in MEMS devices, not only as actuators but also as sensors. The microcantilever can be used as a sensitive chemical/biological sensor through mechanical methods, by detecting the deflection of the cantilever due to surface stress. PDMS was used as the material of a biopolymer cantilever. PDMS is inexpensive, optically transparent, and suitable for use with optical detection methods. Also, it can be easily made and bonded to other surfaces [29] . Fig. 4 . Schematics of a cross-section of a 3D hybrid biopolymer microcantilever structure: left is a flat microcantilever and right is a grooved microcantilever.
The hybrid biopolymer microcantilever array consisted of five different sizes of microcantilevers, which were 50, 100, 150, 200, and 300m wide and five times the widths in length, respectively. However, all cantilevers were 20m thick. It was found that cantilevers longer than 1 mm frequently stuck onto the substrate or were bent, probably due to both the flexibility of the PDMS microcantilever and the cell mass formed by the self organizing cells. Therefore, as mentioned, all data obtained from cantilevers longer than 1 mm were eliminated. As the difference occurred in thickness in a grooved cantilever unlike the surface flat cantilever shown in Figure 4 , the structural deflection change ratio was verified on the same force before culturing the cardiomyocytes cell. Table 2 . Increments of the displacement and contractile force of the cardiomyocytes on the grooved microcantilever A grooved cantilever was expected to bend much more than a surface flat cantilever upon a small force structurally, as shown in Figure 4 . As expected, from the result of the simulation, it was confirmed that a grooved cantilever could bend more than a surface flat cantilever as shown in Table 2 . Based on measured displacement and analytical calculation or FEM modeling, shear forces on the microcantilevers were calculated. Table 1 shows the increments of the displacement and contractile force of the cardiomyocytes on the grooved microcantilever compared with those of the flat microcantilever. To compare the contractile forces of cardiomyocytes on the grooved microcantilever with that on the flat one, the structural difference of two microcantilevers had to be considered.
Synthetically considering the above two factors, to yield the same amount of bending displacement by the two types of microcantilevers, the grooved microcantilever needed 34.8% higher contractile force than that of the flat microcantilever. Similarly, according to FEM analysis, the flat microcantilever yielded 32.8% more bending displacement to the same value of shear force than the grooved microcantilever. Nevertheless, the cardiomyocytes cultivated on the grooved microcantilever gave a 25-40% increase in bending displacement from the percentage increase in bending displacment on the flat microcantilever. The contractile force of the aligned cardiomyocytes on the grooved cantilever yielded a 67-88% increase in displacement, which is higher than the percentage increase of displacement of the cardiomyocyte on the flat cantilever. The result of FEM analysis, 65-85% increase in displacement, was similar to the analytical solution above. The contractility of the cardiomyocytes on the grooved microcantilever was much higher than that on the flat microcantilever. ). The stress was found to vary between 2 and 5 nN/mm 2 . The variation of stress from the cardiomyocytes, reported in the range from 2 to 5 nN/mm 2 , was verified using our flat microcantilever (Park et al., 2005) . Also, in this paper, it was identified that the stress variation of cardiomyocytes concentrated on the grooved surface increased 4-10 nN/mm2 and the average contraction increased 65-85%. With respect to the deflections, the displacement of the grooved microcantilevers was larger than that of the flat microcantilevers. Analytical calculation and FEM analysis with ANSYS (ANSYS, Inc.) were performed to quantify the contractility of cardiomyocytes based on these experimental results. For a more realistic simulation, cardiomyocytes was modeled as a material contracting in the longitudinal direction in contact with the PDMS structure, and thus the contractile force was modeled as a shear force exerted at the interfacial area between the cardiomyocytes and PDMS due to the longitudinal contraction of the cardiomyocytes. Young's modulus and Poisson's ratio of the PDMS and cardiomyocytes were assumed to be 750 kPa and 0.49 [20] , and 40 kPa [30] and 0.49 [31] , respectively. Information on the height of the cells is essential for calibrating the focal pressure of the cardiomyocytes at an interface. In general, the thickness of the cells differs according to surface conditions. When cells are cultured on a flat surface, their height is approximately 5 mm [16, 21] . However, the height of the cells on a grooved surface is approximately 10 mm [16] .
Hybrid Biopolymer Microrobot

Introduction of biopolymer microrobot
A proposed micromachine was made of silicone elastomer polydimethylsiloxane (PDMS) and self organized cardiomyocytes, which allow free motions in physiological liquids based on the increase of cell power in a 3D microenvironment. In order to fabricate a 3D environment in a robot body, specially designed 3D molding aligner was invented [32] .
Fabrication
Fabrication of molding master for 3D PDMS microrobot
As the same fabrication method of microcantilever, the sandwich molding process was used to fabricate a 3D PDMS microrobot. Figure 6 illustrates fabrication results from the precise alignment-based sandwich micromolding process. The silicon master with two level photoresist structures (Figure 6 (a) ) and the glass master ( Figure 6 (b)) were fabricated successfully. Figure 6 (c) shows the instant of alignment of the top and bottom masters carried out by our 3D micromolding aligner. A fabricated complex 3D microstructure with top and bottom geometries is shown in Figure 6 To primary culture cardiomyocytes on the manufactured microrobot device through the PDMS molding process, a pre-process is needed. First, the PDMS device detached from the molding master is washed in 70% ethanol to remove impure particles. It is then immersed in 70% ethanol for an hour for sterilization. Then it is taken out, and dried for 30 minutes on the clean bench under UV light. The fresh PDMS surface is in hydrophobic condition and this prevents the adhesion of proteins and cells. Therefore, O 2 plasma treatment was applied to increase adhesion forces between the PDMS surface and extracellular matrix. PDMS consists of repeating -OSi(CH 3 ) 2 -chains. The chain of CH 3 groups makes the surface of the PDMS hydrophobic. The surface can be changed to hydrophilic by exposure to O 2 plasma for 5 min. Plasma enhances cell adhesion onto the PDMS by oxidizing the surface of the PDMS to silanol (Si-OH) [20, 69] . Then, the device is coated by immersing it in the ECM (Extra Cellular Matrix: fibronectin) solution overnight and taken out. Then, it is dried on the clean bench under UV light for an hour. Then the device to culture the cell primarily is ready, as shown in Figure 20 (2) .
Then the cell is seeded on the device and 5 days later, the device is detached at the bottom and cut the hinge on the device. Then, the robot device can move freely. Just before observing through an optical microscope, turn over the device by pipetting and look at the walking motion of the microrobot.
www.intechopen.com
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Experiment
Monitoring of Walking Motion of Microrobot
To observe the vertical motion of the biomimetic microstructure, a CCD camera microscope (CCD CAM scope, SomeTech Vision) was used. Then, the motion of a biomimetic micromachine was measured using an inverted microscope (Olympus IX 81, Olympus) and captured by a digital camcorder (DCR-PC350, Sony Corp., Japan), as shown in Figure 20 (8) . The captured movies were transferred into digital movie files at 30 frames/sec, and then we analyzed the walking motion of the biomimetic micromachine using sequential video frames.
(a) (b) Fig. 7 . Sequential images for the movement of biomimetic micromachine (a) flat surface cantilever type legs, (b) groove surface cantilever type legs The biomimetic micromachine is designed and fabricated to achieve walking movement. The micromachine has asymmetric structure, which has 3 front and 3 rear legs of different length. To mimic the legs of the ephyra and to realize a stable and simple structure, multiple legs are considered and all the legs are connected to the middle of the robot body to synchronize with the cardiomyocytes. For the forward movement of the microrobot, the legs are aligned in the horizontal direction and the front legs are made to be shorter than the rear legs. To concentrate the cardiomyocyte cell force, groove patterns are engraved on the surface of the legs. After about 72 to 96 h of culture, cardiomyocytes began to beat synchronously and all legs shows vertical displacement owing to the contractile force of the cardiomyocytes. Finally, the biomimetic micromachine activated by the contractile force of the cardiomyocytes begins to move, as shown in in Figure 7 . Figure 7 (a) and (b) show the movement of the micromachine with flat surface cantilever type legs and groove surface ones, respectively. In case of the micromachine with the flat surface cantilever type legs, the cardiomyocytes on the surface on legs show synchronous beating, but the microrobot appears to show only a small advancement. However, the micromachine with groove surface shows forward movement. The average beating frequency was 1.4 Hz and its average step stroke was 100 m, and thus, the calculated speed was about 140 ms -1 . However, the average speed of the biohybrid micromachine was measured to be about 125 ms -1 . The difference between the calculated speed and the average speed will be explained with respect to the walking mechanism of the micromachine. For forward movement, it is important that friction, related to the surface area of contact, be adjusted so that the microdevices can maximally use its muscle power [11] . The proposed micromachine has 3 front legs and 3 rear legs of different lengths. By the contractile force of the cardiomyocytes, cultured on the micromachine, the deflection of the rear legs of longer length is much larger than that of the front legs. At the end of the legs in contact with the substrate, the asymmetric design of the micromachine produces the difference of the surface area of contact and thus causes an imbalance of the friction force between the legs and the substrate. Therefore, the micromachine can move in the direction of the front legs of shorter length. The sequential video images of Figure 8 show the walking motion of the biomimetic micromachine during one step.
Measurement and Discussion
Long-term Monitoring of Microrobot
Experimental setup
In a hybrid device, the compatibility between the organic and inorganic materials is the most important parameter. Therefore, the cells on the structure were monitored for a long time and checked to determine if the proposed method was biocompatible and feasible. Although the cardiomyocytes started beating when they started to aggregate, but they was monitored from the 5th day when force was gathered by their synchronization. To observe the hybrid device, the temperature change of the solution in the dish taken out from the incubator oven was checked. The graph in figure 9 shows the temperature change of the culture solution in the Petri dish filled with the cardiomyocytes when the cardiomyocyte cultured Petri dish was taken out from an incubator oven, and the temperature change was checked with an inverted microscope. When there is no temperature compensation, the inner temperature of the bioFAB is 25°. Because of the sudden drop in temperature, cells seemed to have been damaged. Therefore, temperature compensation was tried using a light bulb, and an experiment condition which could conserve the constant temperature was set up. Fig. 10 . Experimental setup to compensate the temperature Figure 10 shows the experimental setup of temperature compensation using a light bulb and the setup measuring temperature by inserting a sensor in the Petri dish. The AD converted value of the voltage corresponding to the change of the resistance value in the thermostat was converted to temperature by interfacing.
Frequency and Displacement vs. Force
Frequency vs. Bending displacement
The beating frequency and the displacement of the structure due to the contractile force of the cardiomyocytes were measured from the 5th day. As shown in Figure 11 (a), frequency became slower with time. Bending displacement increased, and on the 10th day, it was biggest, as shown in Figure 11 Step increment of the microrobot legs according to the number of days (b) Average step increment of the microrobot legs according to the number of days Actually, the whole distance walked by the walking robot could not be measured, but when you multiply the frequency per day by the step increment, you can obtain the velocity per day. And when you multiply this result by time again, you can obtain the movement distance per day. So, by calculation, the total movement distance of the micro robot for 7 days is expected to be more than 50 meters.
As shown in the above experimental result, cardiomyocytes primary cultured on the polymer fabricated structure was checked to see if they were beating normally and operating well as an actuator. From this, it was found that PDMS used as the backbone of the hybrid device was biocompatible, and that the plasma treatment and extra cellular matrix coating used to increase the adhesion with cells made a stable and healthy environment for the cells to live. Therefore, a long-term actuator was found to be successful because it operated for over 10 days as an organic/inorganic hybrid actuator. Even though the beating frequency became slower, contractile force became stronger. Also, the microrobot constantly moved for 7 days and showed that it could move an incredibly long distance.
Conclusion
By growing rat muscle tissues on a polymer backbone, we demonstrated the movement of the cell powered microrobot. From the viewpoint of a walking microrobot driven by muscle, the cell powered microrobot has novel originality and great significance in the robotics field. The proposed microrobot has the following characteristics: (1) the self-assembled hybrid microrobot consists of biotic muscle cells and PDMS backbone, which is well-known as a biocompatible material. (2) The surface of PDMS backbone is engineered into a groove pattern, which promotes higher order cell concentration and realizes higher generative force of the muscle cells than a 2D culture surface. (3) PDMS is easily fabricated by the? a? micromolding procedure and thus high throughput and mass-production of the cell powered microrobot become possible. (4) The long term monitoring result of the primary cultured cardiomyocytes on engineered surfaces is firstly reported and analyzed. Consequently, the walking robot showed reliable and long-term actuation performances. During the organization of the cardiomyocyte-PDMS hybrid microrobot, the groove surface provided an adverse environment in the initial stages of cell attachment and at adaptation to the surfaces by the modifications in the specific gene expression of the isoforms of troponin and connexin. However, once the cells settled down, more vigorous and synchronous propelling forces were generated through the tighter cell-cell contacts, intracellular arrangements of vesicles and cytoskeltons and higher stimuli according to the microenvironment on the groove surfaces. As quantitative results, the stress of 2-5 nN/m 2 was calculated, which was induced on the flat surface of the microcantilever by the contractile force of the cardiomyocytes. Then, the force of the cardiomyocytes cultured on the groove surface microcantilever increased up to 60% higher than that on the flat surface cantilever. Finally, the forward movement of the micro-robot with the groove surface was monitored, and the measured speed was about 140 ms -1 .
